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FOREWORD

This report was prepared by the Explosivcs Resear.'a Center of the
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contract vas initiated under PrnJect No. 3048/6075 "Firr and Exploeo-on
Hazard Assesment and Prevention Techniques for ,.Srcraft." It was
adminlstered under the direction of the Air Force Aero Pronulsion Labora-
tory, Research and Technology Division, with Mr. Benito P. Botteri (APFL)
acting as project engfneer.

This report to a summary of the work recently completed under this
contract during the period 1 January L967 to 30 September 1967. The
information in this report is unclnssified in accordance with the follow-
ing Air Force directive. 'ownp.aded to Unclassified by authority of
CSAF Message AFRD1NR 80391, 27 July 1967". This report was submitted by
the authors October 12, 1967.

Dr. Robert W. Van Dolah was the administrator for the U.S. Bureau of
Mines and Messrs. Jose~ph M. tuchta, Ralph 3. Cato, Irving Spolan, and
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ArR V. CHURCHILL, Chief
Fuels, Lubrication and Hazards Branch
Support Technology Division
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ABSTRACT

7 Famearrestorr ezperine~t* were conducted with reti~culated poly-
mrethane foam materials whicb are currently beine used for fire protcz-
ties in fuel systems of military aircraft.' The flame quenching effec-
tivenebs of the 20 pore/inch material was examined In both small- and
large-scale f lame propagation experiments under various temperature and
Pr.4su?., cetidition*.:)*n the Pall-scale experiments, pressure rise
Measurements sbowed that dry samples of this foam prevent flame prop~aga-
tion at arrestor levgth/ignition void length ratios (12/41) as low as
about 0.17 at mbient temprature and pressure. At Z2/'il ratios equal
to or greater than 1.5, the material was effective at pressures up to
about 1S paig and temperaturea to 200*F. Improved perform~ance was ob-
tatn.md uhen the foam was vetted with. liqi~d fuel. or when P' folmn of csrenter
Porosity rating vas used. Full-scale experiments in a 450-gallon fuel tan'.
indicated that the 20-pore/inch foa is effective to preezures of at least
5 psig usint -w arrestor packing configuration that permits a 40 percent
gross void volume. However, the foam tends to be less effective when
additional air is suplied following ignition. Rev-Its obtained with
electrical spark Ignition sources were comparable to those found with
tracet or inceiadltry ammnition. Generally, the effectiveness of the
ý20 pore/inch foas was noticeably greater than that of the 10 pore/inch
material that was examined earlier.
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INTRODUCTION

The present report describes the results of an investý3ation conductcc
during the past year to assess the flame arrestor effectiveness of certa3ý
cellular foam materials fo'- possible use in aircraft fuel systems. ?his
work was initiated by the Bureau of Mines in October 1966 and rcpresents one
phase of a current program, "Fire ard Explosion Hazard Assessment and Pre-
vention Techniques for Aircraft," sponsored by the Ai- Forcc under Contract
No. DO 33(615)-66-5005. The arrestor material strdied was a reticulatee
polyurethane foam whose use would nr-t impose prohibitive weight and fuel
load penaltien on aircraft. Its firc protection capablities have been dona-
strated in earlier work by the Bureau using a material with a porosity of 10
pores per lineal inch (Ref 1). Currently, &ome of our military aircraft in
combat enviroment3 are equipped with this flame arrestor material. "he
present work was conducted to evaluate the fire protection af.orded by finer
reticulated forms of this material for military and other applications.

Most of the data presented in this report was obtained using a 20 ± 5
pore/inch polyurethane foam; the material was a Scott Paper C2-.pany indus-
trial "Z"-type foam o. the same composition as the 10 pore/inch foam evalu-
ated ir1 the earlier oork. Flame quenching effectiveness was detenmined
ubider various Lemperature and pressure conditions in bot- small- cnd f?!ll-
scale experiments. The data show that the flame arrestor effectiveness of
the 20 pore/inch material is noticeably greater than that of the 10 pore/inch
material. its effectiveness in full-scale aircraft fuel tanks (450-gallon)
was verified in gun fizings using tracer and incendiary ammunition. Fro=
the data obtained in this study, optimum arrestor design cunfiguraticna are
suggested, for the use of the foam in external fuel-tank applications. bome
data are also presented for internal fuel-tank applications.

EXPERMCTAL APPARATUS AMD PROCEDURE

The flame arrestor effectiveness of the 20 pcre/inch reticulated poly-
urethane foam was investigated In flame propagation experiments with near-
stoichiometric mixtures of n-pentane or n-butune and air at initial tem-
peratureb between 700 and 200' ± 10'F and pressures between 0 and 2-5 p.ig.
In small-scale experiments, cylindrical segments of the foam were examined
in a 6-inch diameter test vessel at the above temperature and pressure con-
ditions. Full-scale trials were conducted with cylindrical or conical-shaped
arrestor segments in a 450-gallon (60 ft 3 ) aircraft fuel tank at ambient
temperature and 0 or 5 psig initial pressure. Except for a few minor modi-
fications, the apparatus and test procedures were the same as these used in
the' Bureau's 'earlier work (Ref 1). In the full-.acale experiments, the per-
forn.ance of the arrestor material was eval'.ated using electrical sparks an(
1'-.c mzn ammunition as the ignition source.

Ref. I - Cato, R. A. L. Furno, A. Bartkowiak, and J. M. Suchta, Evalua-
tion of Flame Arrcstc: Materials for Aircraft Fuel Systcnt (U), Air Foxco
Aero Propul!ion Laboratory, AFAPL-TR--67-b5, March 1967.



1. Small-Scale Zineriments With Cylindrical Arrestor Segments

Most of the small-scale experiments were conducted under static condi-
tions in a 6-inch diameter by 60-inch long cylindrical steel vessel uhich
was mounted in a horizontal position; figure I shows the experimental arrange-
ment with this vessel. To conduct an experiment, a cylindrical segment of
the foam material was fitted into the vessel at a selected distance from the
ignition source which was normally mounted at one end of the vessel. For
those trials where an arrestor gap was used between two arrestor segments,
the ignition source was mounted near the center of the vessel. After the
foam was in place, the combustible mixture was introduced to the desired
pressure and ignited by an electrical spark energy source. The extent of
flame propagation was determined from continuous pressure and temperature
measur:ments that were made with a strain-gage pressure transducer and 0.004-
inch Chromel-Alumel thermocouples at various stations; their signal outputs
were recorded on oscillographs. Appearance of flame downstream of the
arrestor was verified visually and by monitoring the light mission with a
photovolt-multiplier unit.

All these determinations were made with v2.5 percent n-pentane-air
mixtures at various initial pressures and with various arrestor lengths (12)
and flame run-up distances (el) in the ignition space. Except where noted,
All runs were made at ambient temperature conditions (70* +_ 10F).

2. Full-Scale Experiments in a 450-Gallon Aircraft Fuel Tank

Full-scale experiments were conducted with multiple arrestor sections
of the foam material in a 450-gallon aircraft fuel tank, of the F-105 exter-
nal type. The tank, shown in figure 2, was 21 feet long with a 27-inch
diameter by 94.5-inch cylindrical mid-section and conical-shaped nose and
tail sections, both 81 inches long. It was instrumented for the experiments
with two pressure transducers and five 0.004-inch Chiomel-Alumel thermocouples
at selccted stations within; the qutputs were fed to oscillographs. Photo-
diodes were also mounted in the tank to verify flame propagation.

For these experiments, the fuel tank was partiall- packed with various
lengths of the arrestor material, tightly fitted to the wall in the nose,
middle, and tail sections. Three or four arrestor sections, approximately
34 inches long, were packed into the tank and so arranged to allow gross
void spaces at both ends of each section. Total gross void volumes corre-
sponding to 46.5 and 40 percent of the tank volume were used. In each ex-
periment, the tank was filled with a near-stoichiometric n-butane-air mixture
and then the mixture was ignited by a spark energy source located in a given
void; 30-caliber tracer and incendiary ammunition were also used as ignition
sources. The effectiveness of the arrestor configuration was determined
from pressure, temperature and flame luminosity measurements and by inspec-
tion of the foam material after a firing.
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IPRtE 2. - 450 gallon aircraft fuel tank (60 ft 3 volume,

21 ft long and 27 inches maximum diameter).
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REULTS AND DISCUSSION

1. Small-Scale Experiments With Polyurethane Foam Materials in 6-inch
Diameter Vessel: Spark Isnition Source

Data obtained in the 6-inch diameter cylindrical vessel shoved that the
flame arrestor performance of the dry reticulated foam depended on such vari-
ables as the arrestor length, flame run-up distance (ignition void length),
fuel-air ratio, and the initial temperature and pressure of the combustible
gas mixture. The effect of arrestor length (f2) was determined at a con-
stant ignition void length (L1) of 18 inches with dry arrestor segments and
, 2.5 %olume percent n-pentane-air mixtures at atmospheric pressure and

ambient tenperature. The experimental i'esults obtained for the 20 pore/inch
foam are compared with data previously reported for the 10 pore/inch material
end shown in table I and figure 3. As noted, the maxi== presure riscz
obtained in the flame propagations wl.th the 20 pore/inch material were rela-
tively low and varied from about 6 to II psi over the range of arrestor
lengths investigated from *2 - 30 in. to 3 in.; maxim=. pressure rises of
at least 85 psi were obtained without the arrestor material present. AIr._,
any arrestor burning that resulted was confined to the upstrcam end of the
arrestor where the gas mixture was ignited. In comparison, the 10 pore/inch
material was effective only at 12 values equal to or greater than 9 inches;
at lower *2 values, the maxim=m pressure rises were over 40 psi and flame
propagated through the arrestor segments. Since the f2/11 (30"/18") ratio
of 1.67 gave the loveat pressure rises in these experiments, it was selected
for most of the other determinations, except for those where the ignition
void length (l1) was varied. It was also observed in similar experiments
chat no noticeable pressure rise or flame ,ropagation. occurs with the explo-
si-n vessel fully packed (12/11 m a,) with the 20 pore/inch material; this
was .bserved at 0 and 10 psiL initial pressure.

ThQ effect of combustible gas mixture pressure on flame arrestor effec-
tiveness was examined with 10, 20, and 40 pore/inch dry foam at the 12/11
ratio of 1.67 and initial pressures from 0 to 15 or more psig. The pressure
rise data obtained with the different pore sizes are compared in table 2 and
figure 4. 79 ure 4 shows that the pressure rise. increased with increasing
initial mixtuTe pressure for each of the materials used. As noted, the 10
pore/inch matexial was least effective an a flame arrestor hero and failed
at initial pressures greater than 0 psig. In comparison, the 40 pore/inch
material was effective at pressures up to 25 psig, the maximts that was used;
the pressure risis varied from 5.4 to 22.8 psi over the range of test pres-
sures and no fl~Ast or arrestor burning was observed on the dawnstream end
of the arrestor (kble 2). The 20 pore/inch material gave intermediate
results and was ef,.e-tive in preventing flame propagation at initial pres-
urr's equal to or le,19 than 15 psig. Failure of this arrestor at 20 psi&
van associated with s•-onda-y pressure rises after the main ignition event;
these presumably result.'d from ,itp.Wos in the dovustream void (13) by the
hot gaseovs products fro@ the ignition void (11). Such secondary iF.nitionn
were nc. always reproducibe. This can be partly :tribut-Ad to differemnce
in -ore size since the porosity of the 20 pore/inch waterini could vary L5
pnrr-i acc~ording to tlr vendor's ap,!clficatlons.

51



TAM 1. - Fle Arrestor Data for 10 and 20 pores/inch Pol rethane
pose Isterials From Experiments in a 6-inch Diameter
Cv~nri-Qrcal Ste-el Vessel With "'2.5 Percent a-Pentane-

Air Mixtures at Atmospheric Pressure.

tIton £Arrestor

21 M 18 inches

Ar...tor hlee-osre Appearance
T-60 .J2 ItUse, of flame

aishes _ 821/1 psi in 13 void Arrestor Burning

Uhterial A (20 pores/inch)

3 0.17 10.7 No Upstream end - 1/8"
3 0.17 9.5 W) Upstream end - 2-3/4"
6 0.33 11.4 No Upstream end - 1-1/2"
9 0.5 8.5 No Upstream end - 3/4"

1i 1.0 7.4 No Upstream end - 3/4"
30 1.67 6.3 no Upstream end - 3/4"

""bteuial A (10 pore//Imch)

3 0.17 58.9 Yes Downstream end - 2"
4.5 0.25 46.6 Yes Downstream end - 2-1/21
6 0.33 42.8 Yes Downstream end - 2-1/2"
9 0.5 7.3 No Upstream end - 1/8"
is 0.83 7.8 No Upstream end - 1/8"
18 1.0 7.0 so Upstream end - 1/2"
3• 1.67 5.9 No Upstream end - 1/2"

i==



ARREST•OR LK(Y/IGI.TION VOID LEMM RATIO
0 0.5 1.0 1.5 2.0

100 60 1 o - o10 pores/inch 1

80 0- 20 pores/inch-

.(Ignition void lengeh, an 1 18 inches)
~60

~40

20

00
189 27 36

ARRESTOR LENGTH, inches

FIGURE 3. a ffect of arrestor length ont pressure rice in experimetnts
vit~h 10 and 20 pore/inch arrestor material A and -'~2.5
percent n-pentene-air mixtures at 0 peig; 1 ft 3 .cylindrical
steel vessel (6" diaeter and 60" length).
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TANA 2. - lmi Afrrestor Data for 10. 20 and 40 pores/inch Polyurethane
EMm ISter . from. Izxirtments in a 6-inch Diameter

Cylladrical Steel Vessel tWith -~2.5 Percent
a-?Pmtane-Air Kixtures at Various

Initial Pressures.

ISM. Arrestor j Pressure4A2---12- _- r-- Transducer

1 - 18 inches, 12 - 30 inches, 12/1 1 1.67

Lnit. Calc.lJ Izptl. Appearancei/
Press.. Press.lise, Presslise, of Flowm in
Psi$ p---Psi psi Ii void Arrestor Burning

Material A (40 pores/inch)
0 25.6 5.4 No Upstream end - 1/8"
5 34.3 7.3 No Upstream end - 1/4"

10 42.9 9.7 No Upstream end - 3/4"
L5 51.6 13.1 so Upstream 3nd - 2"
20 59.8 15.2 No Upstream end - 2"
25 68.3 22.8 no Upstream end - 2-1/2"

Material A (20 pores/inch)
0 25.6 6.3 No Upetreem end - 3/4"
0 25.6 7.8 No Upstream end - 1/2"
5 34.3 7.8 No Upstream end - 1/8"
10 42.9 10.2 No Upstreag end - 2-1/2"
10 42.9 11.2 No Upstream end - 3"
10 42.9 18.0 No Upstream end - 4"
15 51.6 15.1 No Upstream end - 1"
15 51.6 18.4 No Upstream end - 1-1/4"
20 59.8 42.8 Yes Downstream end - 7-1/2"
20 59.8 43.3 Yes Downstream end - 7"
20 59.8 48.6 Yes Downstream end - 9"

Material A (10 pores/inch)

0 25.6 5.9 No Upstream end - 1/2"
5 34.3 16.0 Yes Dommstream end - 1"

10 42.9 28.0 Yes Downstream end - 1-1/2"
15 51.6 58.6 Yes Downstream end - 1-1/""

I/ Corresponds to expected pressure rise for combustion of gas only in the
ignition void length, jl.

2/ Oborvat'_ns made visually and by flame sensors (thermocouple or -hoto-
volt Oli tirlIer).
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0- 10 pores/inch
0-20 pores/inch
A-40 pores/inch
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40
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0 5 10 15 20 25
INITIAL. PRESSURE, psig

FIGURE 4. - Effect of initial pressure on pressure rise in experiments with
10, 20 and 40 pores/inch arrestor material and -- 2.5 percent n-
1pentane-air mixtures. Arrestor length/ignition void length m
30"/18"; 1 ft 3 cylindrical steel vessel (6" dismete, and 60"
length).
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St•m &a arrestor mtaterial in a fuel tank can be wet or dry, it is
t to know its effectiveness under both conditior3.. Figure 5 com-

pares the pressure rise data obtained at various initial pressures for the
20 pfer/ac dry foam and the same foam previously soaked in kerosine; the
£21/l ratio wo 1.67. These results show that the wet arrestor model was
effeetive Is quenching flame propagation over the entire range of test
pressures, 0 to 20 paig. Also, at initial pressures above 10 psig, its
effectiveaesa was greater than that found with dry arrestors of the same
material. With more volatile fuels than kerosine, the effectiveness of the
dry or wmt arrestor materials would be expected to be equal to or greater
the that shbow here, since nonflammable mixtures (fuel-rich) would be
poessble.

The effectiveness of the 20 pore/inch foam did not vary greatly with
increased temperature (75" to 200SF) at initial mixture pressures from 0 to
10 psig. Generally, the effoct of increased temperature was less than that
of increased mixture pressure. Figures 6 and 7 show the variation of the
pressure rise with initial pressure that was observed in experiments with
the 10 aid 20 pore/inch materials, respectively, at the constant 12/11
ratio of 1.67. At pressures greater than 10 psig, the pressure rise data
displayed greater variation with temperature but were not entirely consist-
out. The overall effectiveness of the 20- or the 10-pore/inch materials at
.ie imcrassed tmperatures was about equal to or greater than that observed
;;t 757. It ws also observed that the foam displays a measurable amount

{i shrinkgs" at temperatures slightly above 200*F, resulting in a decrease
in pore diameter; thus, flame propagation could be retarded noticeably in
those areas of the fom where a significant amount of shrinkage occurs
beeemse of the increased temperatures.

Other flame arrestor experiments were initiated with the 20 porelinch
foam material to obtain data on various arrestor-void configurations for
possLble use in internal (integral) fuel-tank applications. Cylindrical
arrestor seemnts, 2, 4, and 9 inches long (12),.ere used in the 6-inch
diameter vessel and the ignition void length (91) was varied frou 2 to 36
iaches. The experimental arrangement was the same as in the previous ex-
periovuts. Figure 8 shows the pressure rises measured in these experiments
for various ignition void lengths at ambient temperature and atmospheric
pressure. At ignition void lengths up to 12 inches, the pressure rises were
less than 5 psig for the three arrestor sizes employed, and none of the
arrestors failed to prevent flamne propagation. The critical 11 valueiin j!ve
uhicb the arrestors failed were 12 inches (22/11 - 0.17) for the 2-inch
segments, 24 inches (12/21- 0.17) for the 4-inch segments, and 27 inches
(12/1 - 0.33) for the 9-inch segments. Thus, the critical 92/1l ratio for
arrester failure does not appear to be a constant for such packing configur-
ations.

10
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FIGURE 5. - Effect of initial pressure on pressure rise in experimen-s

with wet and dry arrestor material A (20 pores/inch) a-,.d
- 2.5 percent n-pentane-air mixtures. Arrestor length/

ignition void length - 30"718"; 1 ft 3 cylindrical •t~1
vessel (6" diameter and 60" length).
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oad-
200

20

0 5 10 15 20
INITIAL PRESSURE, psig

FIGURE 6. - Pressure rise vs initial pressure for experiments with arrestor
material A (10 pores/inch) and -2.5 percent n-pentane-air mix-
tures at various initial temperaturee. Arrestor lem:Ith/ignit.on
void length - 30"/18"; 1 ft 3 cylinirical steel vessel (6" diame-
ter and 60" length).
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and -..,2.5 pcrcent n-pentane-air mixtures at atmospheric pres-
sure; I ft-_, cylindrical steel vessel (6" diameter and 60" length).
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In similar trials wt.th multiple arrestor segments, 2 or 4 inches long,
the effect of introducing i ,ap between arrestor segments was also investi-
gated. Here, the ignition void (91) was between two arrostor segments so
that voids were located on both ends of each segment. The data from these
experiments were comparable to those obtained using only a single arrestor
segment at ignition void lengths from 2 to 12 inches; the pressure rises
were less than 5 psi for both the 2 and 4-inch segments. Although these
data are incomplete, it appears that "cored" arrestor models with gross
voids, approximately 6 inches in diameter by 12 inches long, will require
arrestor walls with a minimum thickness of 2 to 4 inches to be effective
for fire protection in internal fuel-tank applications. Additional work is
required on the effectiveness of other arrestor packing configurations and
on scaling to determine the optimum arrestor design for such applications.

2. Full-Scale Experiments With Polyurethane Foam Materials in 450-Gallon
Fuel Tanks: Spark Ignition Source

Experiments in the 450-gallon (60 ft 3 ) aircraft fuel tank were conducted
with the 20 pore/inch polyurethane foam using .near-stoichiometric mixtures
of n-butane and air, instead of n-pentane and air, to avoid possible fuel
condensation. The experimental arrangements used in the first two experi-
ments (46.5 percent gross void, 24 /%3 - 1.29) are shown in figure 9; here,
,14 represents the length of the middle arrestor section and 13 the length
Pf the ignition void between the nose and middle arrestor sections. These
experiments were conducted at ambient temperature (70" ± 10"P) and 0 and 5
psig mixture pressures. An electric spark ignition source was located near
the middle of the gr~ss void space 13 as shown in figure 9. This figure also
indicates the extent of burning that resulted to the three arrestor sections
located in the nose (22), middle (14), and -all (16)'of the tank. The data
obtained from gas temperature rise dnd pressure rise measurements are smuar-
ized in table 3.

The maximum pressure rises observed in the above experiments at. 0 and_ %
psig initial pressure were 4.6 and 11.8 psi, resapctively. Undir similar
experimental conditions, a pressure rise of 9.4 psi was previoisly obtained-
for the 10 pore/inch foam material at 0 psig initial pressur. (Ref 1); with
this pore size, secondary ignitions occurred with gross vo of 46.5 and
38.1 percent. The pressure-time traces obtained in the re Dent experiments
(Test No. 1, 0 psig and Test No. 2, 5 psig) are shown ir. igure 10. Accord-
ing to these records, the initial pressure rises that occurred-varied only
slightly and were between 3.7 and 4.6 psi; also, their initial,rates of
pressure rise, equal to or less than 31 psi/sec, were low compared to those
found in most gas ignitions. No secondary ignitions were observed in the
experimont ot 0 psig. However, in the one at 5 psig, secondary ipitioft
did occur and the final maximum pressure that developed was close to 12 psi.

15
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According to the gas temperature and flame speed measurements in table
3, the data at 0 psig initial pressure indicated that flame (or hot sates)
propagated through the cylindrical arrestor section 4i, but was quenched in
the nose (92) and tail (16) arrestor sections. Simniler A.- -1•tAld i: e
psig revealed that flame propagated through the 12 and 14 arrestor sections,
but not throught the tail section w.hich was farthest from the ignition void
(13). Generally, any arrestor burning that occurred tended to be sore
noticeable at or near the arrestor faces (figure 9). Maxisam flame speeds
were not over 12.5 ft/sec and these were found in the ignition void. In
comparison, they were as high as 25 ft/sec in the earlier experiments with
the 10 pore/inch material at 0 psig; also, the maximum values were obtained
in the nose or tail sections of the fuel tank (Ref 1).

In another full-scale experiment (Test No. 3), the arrestor material
was arranged as shown in figure 11 to allow a gross void of 40 volume per-
cent. For this trial, five void spaces wer ̂e used as compared to four in the
above experiments. With this packing configuration, the possibility of flame
propagating alongside a longitudinal channel (C in aid-section, figure ii)
within a foam-filled section was reduced. Ignition of the comustible mix-
ture was effected by an electrical spark ignition source located in the bulk-
head space of the tank; here, the arrestor length/ignition void length ratios
Of 14/15 and 16/25 were held constant at 1.58. Table 4 sumarizes the data
obtained at an initial-pressure of 0 psig. With this packing arrangement,
flame propagated only through the cylindrical arrestor section 94 and was
quenched after traveling part way through th 'e zrrestor sections 13 an 49
(figure 11); maximum flame speed in the ignition void was 12.8 ft/sec. As
noted in table 4, flame was not detected in the A1 (nose), 99 (tail), and 27
voids of the tank. It is also important to note that the maxiimum temperature
rise measured at one station T4 occurred approximately 5 mi•utes after the
ignition source was fired. Apparently, a hot gas ignition occurred about
this time and resulted in the fire damage that occurred on the upstream end
of the nose arrestor section (92). Nevertheless, the maximum pressure rise*
were not over 1.5 psi. Thus, the arrestor configuration used in this experi-
ment appears to be much more favorable for partially packed ruel tank appli-
cations than the one used in Tests No. 1 and Mo. 2.

Since an aircraft fuel tank may be purged with air during flight as a
normal operation or as a reault of gunfire, a ftsll-scale experiment (Test go.
4) wat. conducted in the 450-gallon fuel tank to determine the flame arrestor
performance of the 20 pore/inch foam material with the addition of air folicw-
ing ignition of the combustible mixture. This experiment was performed at
initiael mixture pressure of 0 paig. The arrestnr packing configuration,
shown in figure i?, was the same as that used in Test No. 3 with fuel watted
Loam, soaked in kerosine. To simulate a flowr candition which say be encoun-
tered in practice, air st a flow rate of 15.2 SC7K wvas liu-Uced Lhxuut h a
3/8-inch diameter inlet in the nose of the tank within 2 seconds after ignit-
tin& the combustible mixture; ignition uas effected in the 45 gross void spacn-,
of the tank with an electrical spark energy source. The air vas discharged
at t -onic vzlocity through a 3/8-inch. diameter outlet at the tail of the

nk.
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The maximum pressure rise (1.9 psi) due to ignition was not much higher
than that previously observed in Tests No. 1 through 3. Following the igni-
tion and the addition of air, the tank pressure increased to 14.4 psig at the
P3 station and to 12.6 psig at the P5 station. tpproximately 3.8 minutes
after ignition a tank patch ruptured and the test was terminated about 5
minutes after ignition. Arrestor burning contributec little to the total
preesure developed. Flame sensors and a visual examination of all the arrester
sections revealed that the arrestor burning that occured was confined to ar-
restor sections 14 and 6; nearly 33 inches of the A4 arrestor segment burned
as compared to only 15-1/2 inches for the 6 segment. External skin tempera-
tures were maximum (< 300"r) in this area but there was no visual evidence
of metal failure. The extent of arrestor burning in the 14 and 16 sectiO•s
was noticeably greater in this test than that observed in Test No. 3, mhich
was conducted without air flow. However, in the latter test, a secondary or
hot gas ignition had also occurred in the £3 gross void at approximately 5
minutes after firing. The results observed under the two different test con-
ditions are not totally unexpected. The possibility of hot gas ignitions
should tend to be reduced mhen the combustible vapor-air mixtures present are
diluted by the addition of air and vented from the tank. At the same time,
the fire hazard associated with arrestor burning should tend to be greater
with the addition of air, as observed here, depending upon the rate, at which.
the air is supplied and the combustion products are vented.

3. Small-Scale Oun Firing Experiments in 5-Callon Steel Containers

9mall-scale ium firing experiments were performed in 5-gallon steel
containers, 11 inches in diameter and 0.018-inch thick walls, to determine
the general firing conditions required to ignite near-stoichiometric mix-
tures of n-butane and air using 30 caliber tracer and incendiary ammundtion;
The amnunition was fired with an Army N-1 rifle. Ignitions of the combustible
mixturec were examined with and without the 20 pore/ich arrestor material
at ambient temperature and pressure. The data found in these trials were
used to plan the full-scale gun firing experiments in the 450-gallon aircraft
fuel tank. In these gun firings, 30 caliber incendiaries (50 grains)*, which
have a reported muzzle velocity of approxdmately 2800 ft/sec, and partially
loaded tr'.cers (10 te 15 grains)* with various muzzle velocities ( ~800 ft/
sec for 11-grain tracer) mere fired into the containers at a distance of 90
or 150 feet. A sumary of the test conditions and the recults obtained in
these experiments is given in table 5.

With no foam present, the ccbustible mixture was ignited with the in-
cendiary ammunition at a firing distance of 150 ft, or at 90 ft when a 3/8-
inch aluminum striker plate vas used inside the container; 10 or Il-grain
tracers also gave ignitions at 150 ft. In the other firings wlzh li-grain

-.•cers at 150 ft, the test mixture also was ignited when the tracers were
fired into the gross void of the container partially packed with ry fcam
(5Mo. gross void); however, no ignitions occurred with wet or dry fo=m tf tha
firings vere made into the foam rather than the void. With the container
u"lly packed with dry foam, no ignitions of gas mixtures were observed vith

tracers (11 greinb) or incendiaries et a firing distance of 150 ft.

v-:•-f~r.• to pro.?eiiant pcxRer.



TMIX 5. - RIMts from Q(m-Firing Tests With ~'3.2 Volume Percent
a-Iuta.e-Air Mixtures at Atmoapheric Pressure in. 5-Gallon
Steal Containerm.

RIfle - U.S. Army M-1, 30-'06

moumt of Firing muzzle
lot Umlldt •Pber, Distance, Velocity,

NO. TwA rainx feet ft/sec Remarks

CAmbustible Kx•ture Only

1 - Tracer 10 90 < 810 No ignition.
2 11 90 3103/ TI #I
3 12 90 > 810 " I
4 12 90 No ignition,2/

5 15 90 is
6 15 90 it

7 10 150 < 810 Ignition.
1 " 1 150 810

9 12 150 > 810 No ignition.
10 ITfmfiary 50 90 -2800 " "

11 " 50 90 Ignition.2/

,12 so 150 10o ignition.
13 50 150 Ignition.

Cmbustible Mixture and Dry Foa (50% Gross Void Volume)

14 Tracer 11 150 810 no ignitiorl
is 11 150 810 Ignition.A/

Cadnustible Mixture and Wet Foam (50M Gross Void Volume)

16 Tracer 11 150 810 No ignition. 3 /
17 11 150 810 No ignition.-/

Cowbustible Mixtu:e and Dry Foam (O% Gross Void Volume)

18 Tracer 11 130 810 so ignition.
19 Incendiary 50 150 -w2800 ' "

1/ Mesured with a chronograph.
2/ A 3/8-inch thick aluinm str-ker plate was centrally located in

*-. test container.
3/ bmwition fired into foam.
741 Amwnitlon fired into void.

24~



4. Full-Scale Gun Firing Experiments in 450-Gallon Fuel Tank

In the full-scale gun firing experiments, the effectiveness of the 20
pore/inch arrestor material was examined with near-stoichiometric mixtures
of n-butane and Air which were ignited in various gross void spaces of the
45.i-gallon(0.O6S-inch wall)aircraft fuel tank. Both 30 caliber tracer (1.1
grains) and incendiary (50 grains) ammunition were used as the ignition
sources and were fired with the M-1 rifle at a dist&nce of approximately
150 feet. Since multiple ignitions could not be obtained by firing a single
projectile of this ammunition, electric spark sources were also used as
ignition sources to simulate multiple ignitions thRt might be encountered
in gun firings. Also, some shots were made by firing tit.zer or incendiary
amnunition into an arrestor section instead of itto b gross void within the
tank. The arrestor packing configuration (40 percent gross void volume)
was the same for all the firings and the combustible test mixtures were at
ambient temperature and an initial pressure of 0 psig, except for one trial
which was made at 5 psig. Instrumentation of the fuel tank for determining
the extent of flame propagation was essentially the same as that employea
in the other full-scale experiments with zpark ignitions,

A summary of the pressure data obtained in each of these exnerimento
is given in table 6. In test No. 1, the firing of a tracer into the 25 gross
void of the fuel tank ignited the combustible gas mixture present, but the
flame propagation was quenched by the adjacent dry arrestor sections A4 and

16. As noted in figurc 13, the amount of arrestor burning vas small and was
confined to the X4 and 16 arrestor sections. The maximum pressure rise was
only 1.5 psi; this value is the same as that found in the corresponding full-
scale experiments witn an electric spark ignition source 'table 4). Essen-
tially the same results were also obtained with wet foam and firing the
tracer or incendiarO ammunition into a gross void (13) containing the com-
bustible gas mixture; the foam was previously soaked in kerosine (Test Vo.
2 and 3).

Firing into the foam itself appears to present somewhat less fire or
explosion hazard than firing into the gac-filled voids. In Test No. 4, a
tracer was fired into a dry arrestor (e2) anul did not ignite the foam or Lhit
combustible gas present. In comparison, an incendiary firing inte the foam did
produce an ignition (Test No. 5), but the pressure rise (1.3 ?si) was not any
greater than observed in any of the previous ignitions; flame was detected
only in the 13 void.

Where ignitions occur in more than one location in a fuel tanL, the en-
tent of flame propagation will depend upon the time sequence uf the •c:ficn•.
In Test No. 6, the ignitions effected in two separate gross voids (U3 and 95)
by use of a tracer and by an electric spark scurce 2.9 neconds later, re-
suiteJ in pressure rices of 1.8 psi or less. Here, the sp:nr4 source ignt~zn
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%as probably suppressed greatly by the gaseous products which formed earlier
4'zt*ng the tracer ignition in an adjacent void. By firing the ignition

-So•mr silmfltanously, the pressures developed were higher. A pressure
Srits'f 3.8 psi was obtained in Test No. 7 in which electric spark ignitions

weteI ffected simultaneously in the same two gross voids (13 and C5) re-
ferred to in Test No. 6. Nevertheless, as noted in figure 14, the flame
popaqgaton was quenched by the foam arrestor sections (02, 14, and 26) adja-
mt-to the voids where the ignitions were initiated; also, any arrestor
buonin was largely confined to the arrestor faces in the ignition voids.
Accd ly, the arrestor packing configuration used here with the 20 pores/
L nch6o•amaterial appears to be effective for single and multiple (2) igni-
timosiVbhichmay result from gun firirsvs into fuel tanks At an initial pres-
sure ofi 0psig. The 20 pore/inch dry foam was also effective as a flame
arrestor at gn initial combustible mixture pressure of 5 psig. The packing
confliguration and gross void volume (40 percent) was the same as that em-

Sployed in the firings at 0 psig. In this particular run, ignition was
initiated in the *5 gross void space of the tank with a 30 caliber incendi-
ary. The pressure rise data are suiarized in table 6 and show that the
maximum pressure rise that developed upon ignition was 3.3 psi as compared
to 1.5 psi that was obtained at 0 psig with single firings of tracer or
ircendiary asmunition. In addition, flame did not propagate into the 13 and

7 gross void spaces of the tank, although the two arrestor sections (£4 and
$) adjacent to the ignition void burned to a depth of 33 and 18 inches,
respectively. These results appear to indicate that- the foam would probably
fall at initial pressures noticeably above 5 psig using the above arrestor
p:ckings configuration.
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4D~cLTIOS ANDMR

%a f1pe 'afteestr effectiveness of the 20 pore/inch polyurethane foaci
it usWý eby 7r tian that of the 10 pore/inch material. At aubieirt

ad a&e~ * .i-inch di ter cylindrical aeyenl.- of -'a 20
I.,"Wiftch ilrY f Ar ,r effective in preventing flame propagation at arrestor

-, U4ApAWWOU void le00tW ratios (42/11) as low as about 0. 17 (3'1/18").
*I. hig '92/4 *1rt1OS ("~1.3), It in effective as a flame arrestor in 6-
tom I '44mter vessels at pressures up to about 15 psi& and temperatures to

,.200ýVl Wetting thae torn with liquid fuel tends to increase its effectiveness.
'A tmV1*M wall tbick~fess of 2 Lto 4 inches appears to be required for possible

-. utnralfusl-tank applications where "cored" arrestor models -,,nth gross
v16ý of about 6 lInhes diameter are considered. With a 40 pore/inch material,
t~t hame quenching effectivevoss of the foam may be extended to about 20 psig

.thj~I*2/l.ratios.

11(k aiteral fuel-tauk applications, the 20 pore/inch dry foami is suit-
able ai 'a fime ari~estor'in a 450-isallon fuel tank to pressures of at least

SPaZig 4epeufin4 on the arrestor packing configuration. Fire and explosion
pxd*ectiLou In such large fuel tanks can be obtained with an arrestor packing
ieo*~ication (12/11 W 1.6) which permits a gross void volume. of anproxi-
mately540 percent. Th. above packilng configuration can'be expected to be
df~ective where the "fuel task to exposed to various ignition sourcts, in-
elaufuug live munitiora. For applications at pressures of about 10 psig or
mny&e,^ the arrestor'length/ignition void length ratio should be greater than
1.6; or a foa of greater porosity rating ( >20 pores/inch) should be used.
In sit -op'Plication 8ý the effeCtiveness Of this foam can be greatly limited
if the packing is not fitted tightly to the walls of the tank4 .

It is recommended that the following additional studies be made with
the present type of arrestor material&:

1. continue mnall-scale experimients to determine various arrestor pack-
ing -configurations with the 20 pore/inch polyurethane foam mater!-Al for use
In Internal fuel-tank applications. Conduct selected large-scale experiments
for determining scaling factors.

2. Determine flame arrestor effectiveness of 20 pore/ittch foam material
under simulated flight conditions of pressure altitude and temperature.

3. Investigate flame inhibiting coatings for improving effect-iveness
of cvmsbustible cellular arrestor materials.

In additiong it is reccmended that other arrestor materials, includin.g
ý.-_r'forated plastic s~pheres, be investigated for use In internal or external

wi -ankapplications.


